Objective: The aim of this research was to evaluate the mechanical properties (MP) and degree of the phase transformation (PT) of martensitic (M-NiTi), austenitic (A-NiTi) and thermodynamic nickel-titanium wire (T-NiTi). Methods: The samples consisted of 0.016 × 0.022 inch M-NiTi (Nitinol Classic, NC), A-NiTi (Optimalloy, OPTI) and T-NiTi (Neo-Sentalloy, NEO). Differential scanning calorimetry (DSC), three-point bending test, X-ray diffraction (XRD), and microstructure examination were used. Statistical evaluation was undertaken using ANOVA test. Results: In DSC analysis, OPTI and NEO showed two peaks in the heating curves and one peak in the cooling curves. However, NC revealed one single broad and weak peak in the heating and cooling curves. Austenite finishing (Af) temperatures were 19. 
INTRODUCTION
Nickel-titanium (NiTi) wire has been widely used in the orthodontic field due to its shape memory effect, super-elasticity and good biocompatibility. 1 There are three microstructural phases in the NiTi alloys ie. the austenitic phase, the high-temperature and low-stress form; the martensitic phase, the low-temperature and high-stress form; and the R-phase, an intermediate phase between martensite and austenite transformation. 2 The relative proportion of the austenitic and martensitic phases within transformation temperature range (TTR) seems to play an important role in the mechanical characteristics of NiTi wire. [2] [3] [4] When NiTi wire is ligated to brackets on misaligned teeth in a temperature-fluctuant oral 0environment, slight thermal change can considerably modify the load level of NiTi wire. 5, 6 A discrepancy between transformation characteristics and related mechanical properties of NiTi wires has also been reported. Several commercially available NiTi wires are available such as the work-hardened martensitic type (MNiTi), superelastic austenitic (A-NiTi) and thermodynamic (T-NiTi). Although M-NiTi wires can exhibit shape memory characteristics, their TTR does not seem to be clinically relevant for this property to be used for orthodontic treatment. 11 Burstone et al. 12 and Miura et al. 13 introduced A-NiTi for superelasticity. More recently, T-NiTi wires have been developed for shape memory effect as well as superelasticity. 14 However, these NiTi wires exhibit unexpected mechanical properties under stepwise temperature changes. 10, 15 Therefore, the purpose of this study was to evaluate the mechanical properties and degree of the phase transformation of commercially available M-, A-and TNiTi wires under conditions of controlled temperature.
MATERIAL AND METHODS
Three types of 0.016 × 0.022 inch commercially available NiTi wires, M-NiTi (Nitinol Classic, 3M-Unitek, Monrovia, CA, USA; NC), A-NiTi (Optimalloy, Jinsung Medical, Seoul, Korea; OPTI), and T-NiTi (Neo Sentalloy, GAC, Tokyo, Japan; NEO) were used in this study (Table 1) .
Differential scanning calorimetry (DSC) analysis
Transformation temperatures were measured using DSC 204 (Netzche, Germany). Specimens of each wire with the same length (4 mm) were sealed in an aluminum cell and placed into the measuring chamber, which was filled with argon gas. α-alumina was used as the reference material. The scanning temperature ranged from −20 to 100 o C at 5 o C/min. The measurements were taken three times and were statistically analyzed using analysis of variance (ANOVA).
Three-point bending test
Three-point bending tests were performed using a universal testing machine (Instron 4465, UK) in a temperature-controlled water bath. The span length between the two supports was 14 mm. A bending load was applied to the wire specimen at a rate of 1.0 mm/ minute to give a 2.0 mm deflection, and the load was subsequently removed at the same rate. The wire deflection was carried out at four different temperatures (0, 20, 37 and 60 o C). The measurements were taken three times and were statistically analyzed by ANOVA.
Microstructure examination
The specimens were embedded in a self-curing resin and were electropolished for 6 -7 minutes in a CH 3 COOH and HClO 4 solution. The final surface was prepared by etching with a mixture of hydrofluoric acid (48% concentration), nitric acid (70% concentration), and deionized water in proportions of 1：4： 10 by volume to reveal the grain boundary microstructure. Microstructure was examined using the metallurgy microscope (IEM405, Zeiss, Germany).
X-ray diffraction (XRD) analysis
XRD was used to identify the crystal structure and relative portion of the austenite and martensite at various temperatures. , 2θ in 0.01 degree steps to minimize the effect of the preferred orientation of wires. For the phase distribution analysis of martensite (002 peak) and austenite (110 peak) wires, FWHH (full width at half height) was compared. Powder XRD (D5005, Bruker, Germany) was used for the higher temperature measurements (37 and 60 o C). The temperature was controlled by an electrothermic system and liquid nitrogen.
RESULTS
In the definitions of the transformation temperatures such as M s , M f , A s , and A f , M means martensite; A, austenite; S, starting temperature; and f, finishing temperature, respectively.
DSC analysis
For NC (M-NiTi type), one single broad and weak peak was observed in the heating and cooling curves, respectively ( Fig 1A) . However, OPTI (A-NiTI type) and NEO (T-NiTi type) exhibited two endothermic peaks in the heating curves. It indicates that there may be an intermediate phase (R-phase: rhombohedral phase) during transformation. One exothermic peak (around 15 -18 o C) observed on the OPTI and NEO in the cooling curves could be considered as the reverse transformation from austenite phase to martensite phase (Fig 1B and C) .
The TTRs for the three specimens were statistically different (p ＜ 0.05, Table 2 (Table 2) . 
Heating
Cooling 
Three-point bending test
In NC (M-NiTi type), the superelasticity loop appeared at 60 o C (Fig 2A and Table 3 (Table 3) , where the superelasticity loop did not appear (Fig 2A) . Partial recovery at 0 o C (δ= 0.8 ± 0.02, Table 3 ) might be an expression of the plastic deformation in the martensite phase.
In OPTI (A-NiTI type), total recovery was observed (Fig 2B) indicates that the load increased according to the increase in temperature (p ＜ 0.01, Table 3 ). The residual deflection at 0 o C (δ= 01.6 ± 0.04, Table 3 ) might imply the existence of deformation in the martensite structure.
NEO (T-NiTi type) exhibited superelasticity behavior only at 37 o C (Fig 2C and Table 3 Table 3 ) indicates that the residual stress remained within the wire and that the reverse transformation did not occur completely during unloading. A residual deflection at 60 o C was also observed (δ= 1.7 ± 0.03, Table 3 ).
Microstructure examination
In NC (M-NiTi type), a wavy pattern like striated band was not identified, but a deformation line made by a work-hardening process was observed (Fig 3A) . The stabilized work-hardened martensite plate, which might not undergo total retransformation, was observed in NC (M-NiTi type).
In OPTI (A-NiTi type), a wavy pattern like striated band was obvious (Fig 3B) . NEO (T-NiTi type) showed evenly dispersed non-metallic inclusions and holes in the NiTi matrix (Fig 3C) . Both OPTI (A-NiTi type) and NEO (T-NiTi type) showed mixed structures with a martensite plate in an austenite matrix (Fig 3B and  C) .
XDR analysis
For NC (M-NiTi type), the peak change could not be clearly analyzed due to the eccentric preferred orientation produced by work-hardening (Fig 4A) .
The mixed pattern of a strong peak for austenite (PA, 110) and a weak peak for martensite (PM, 002) was observed in OPTI (A-NiTi type, Fig 4B) . The PM (002) did not become obvious when the temperature decreased to −20 o C (Fig 4B) . In NEO (T-NiTi type), there was a mixed pattern of strong PA (110) and mild PM (002) at 5 o C (Fig 4C) . However, the finding that relatively stronger PM (002) and weaker PA (110) (Fig 4C) indicates that even at a temperature below Mf, T-NiTi wire appeared to have a two-phase structure, not a single crystal structure of martensite. The PM (002) gradually disappeared when the temperature was increased above 25 o C (Fig 4C) . The peak width is an indication for degree of cold work. Compared with full width at half height (FWHH) of the PA (110) peak, NC (M-NiTi type) exhibited a wider peak (more cold work) than either NEO (T-NiTi type) or OPTI (A-NiTi type) (Fig 5) . Table 2 ) determined by DSC analysis seems to be too high for clinical use. Since the heating DSC curves suggest that NEO (TNiTi type) and OPTI (A-NiTi type) are completely austenitic in an oral environment (Fig 1) , NEO and OPTI could be considered to act as superelastic wires.
Since the two endothermic peaks in the heating curves of OPTI and NEO (Fig 1) means an existence of R phase, differences in the DSC curves and XRD analyses among the three types of NiTi wires might be explained by the influence of the interposition of the R-phase in NEO and OPTI wires (Figs 1, 4 and 5 and Table 2 ).
The deformation temperatures are divided into four temperature regions; T ＜ M s , M s ＜ T ＜ A f , A f ＜ T ＜ Td and Td ＜ T (where Td represents the critical temperature where the plastic deformation by dislocation motion starts). The common features of the curves in Fig 2 are appears to be inhibited by the plastic deformation induced by dislocation in NEO (T-NiTi type) (Fig 2 and  Tables 2 and 3) .
At the temperatures below Mf, the martensite crystal is attained by continuous growth of the martensite plates and the nucleation of new martensite plates. 2 When the specimen is heated, the martensite plates revert completely to the parent phase and to the original lattice orientation. 2, 5 Another mechanism for achieving crystallographic reversibility is with the use of the stress-induced martensite phenomena. 19 The mechanical behavior of OPTI (A-NiTi type) at room temperature ( Fig 1B) is associated with the formation of stress-induced martensite upon loading and by reverse transformation on unloading. In general, the martensite is induced when T ＜ Ms or the boundaries between the martensites or internal twin boundaries begin to move. As the environmental temperature is elevated, the critical load of stress-induced martensite transformation is also increased. This is because the parent phase is more stable at high environmental temperatures. There is a negative linear relationship between the stress and the temperature with respect to the induction of martensite; a decrease in temperature is equivalent to an increase in stress. 20, 21 According to this relationship, the critical stress to induce martensite in a low A f wire is higher than that in a high A f wire. Therefore, the load, α, Although the results of this study may explain the reason why commercially available M-, A-and T-NiTi wires exhibited complicated and unexpected mechanical properties according to temperature change, the details of the transformation behavior and mechanical properties of NiTi wires cannot be fully described. Therefore, further studies concerning the relationship among microstructure, phase transformation behavior and mechanical properties of NiTi wires will be needed.
CONCLUSION
1. NEO and OPTI showed better mechanical properties and phase transformation behavior than NC. 2. The mechanical and thermal behaviors of NiTi wire cannot be completely explained by the expected phase distribution and phase ratio from TTR because NiTi alloy has complicated martensite variants and independent phase transformation induced by heat and stress.
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